The prediction accuracies of key neutronic characteristics including burnup properties evaluated with use of the sensitivity-based methodology have been reviewed for a fast breeder reactor.
The prediction accuracies of key neutronic characteristics including burnup properties evaluated with use of the sensitivity-based methodology have been reviewed for a fast breeder reactor.
The bias factor method, the cross section adjustment method and the combined method are used to evaluate the prediction accuracies.
The calculation method of sensitivity coefficients used in the uncertainty analysis is discussed. The three methods are compared from the theoretical and numerical points. For the numerical comparison, they are applied to a 1,000 MWe fast breeder reactor.
The prediction uncertainties are within the range of 0.7~1.0% for keff, 3~5%
for control rod worth, 1~2% for 239Pu fission rate distribution, 12% for burnup reactivity loss and 1.5% for breeding ratio. These values are much smaller than those predicted without any integral data. KEYWORDS Efforts are made to decrease the prediction uncertainties of reactor neutronic properties so that the prediction uncertainties might not necessitate excessive and expensive design margins.
In order to decrease the prediction uncertainties of the key neutronic properties such as criticality, control rod worth and power distribution, we heavily rely on useful information from critical experiments. The experimental information can be utilized into our analysis in three ways. They are the bias factor method(1)(2), the cross section adjustment method(3)~(6) and the combined method(6)~ (8) .
The bias factor method introduces so-called bias factors to correct the difference between experimental integral data and calculated results in mock-up criticals. The bias factor is applied directly to the calculated neutronic properties of practical fast reactors. This method is very useful when neutronic properties of the experimental system are quite similar to those of our specific reactor. However, in reality, even in the case where the mock-up system simulates the target core precisely, there still exist certain differences between the two, as in the geometry (plate and/or pin) of the fuels and the Pu isotopic ratio of fuel.
The cross section adjustment method is an approach, in which group cross sections are adjusted so that the calculation may reproduce the experimental results in a least square way. With this method, experimental information is incorporated into adjusted group cross sections. Compared with the bias factor method, the cross section adjustment method can utilize a wide range of integral data. The adjusted cross sections give a reasonable recommendation in a cross section evaluation.
However, the conventional adjustment does not treat the calculational error. So the adjustment formula was extended so as to include the method error (6) , in which correlations between method errors for different cores are considered. Furthermore, a formula was obtained to predict the uncertainties of neutronic properties of a target core by considering the correlation among method errors utilized in the analysis of the critical assemblies and the target LMFBR (Liquid Metal Fast Breeder Reactor) (6) .
To eliminate the difficulty in treating the different method errors for the mock-up and target cores, the combined method is proposed : The method error of the target core is partly canceled by that of the mock-up core through the bias factor. In this method cross sections are first adjusted using benchmark cores ; then the adjusted cross sections are utilized in a mock-up core analysis to obtain bias factors to be used in the design of a target LMFBR.
In deriving the formula of prediction uncertainty based on the above three methods, sensitivity coefficients are required, which correspond to the changes of neutronic properties with respect to changes of individual group cross sections. The calculational methods of the sensitivity coefficients were originally derived by Gandini(9) by using the generalized perturbation theory. We extended the method to the calculation of burnup properties. The sensitivity coefficient calculation is briefly reviewed in Chap. II.
Chapter III briefly reviews the formula of prediction uncertainties for the bias factor method, the cross section adjustment method and the combined method.
The prediction uncertainties are discussed from the theoretical points. Figure  1 shows an example of the sensitivity coefficient of Na void worth relative to the 239Pu fission cross section (12) . The sensitivity is large and negative below 2 keV and positive above 100
keV.
The sensitivity is composed of three The adjoint term is the main contributor to the sensitivity in the lower energy. This is because of the significant adjoint flux change (12) .
Next, we review calculation methods of sensitivity coefficients of burnup properties. The Gandini's study (9) did not consider the nonlinear interaction between the neutron and nuclide fields. In the sensitivity calculation of nuclide number densities, the neutron flux was assumed to be constant over a burnup period. Williams derived a practical formula for burnup sensitivity coefficients(13) by coupling the neutron and nuclide fields. He divided the burnup period into several time intervals and used the quasi-static approximation for the flux over each time interval. The flux was calculated at the beginning of each time interval by using the nuclide number densities obtained from the burnup equation in the previous time interval.
In a burnup analysis of a large fast breeder reactor (FBR) with a multi-dimensional core model, a flux calculation requires a large amount of computer time. To reduce computation time for flux calculations, a burnup period is usually divided into a few intervals, and in some cases into only one interval, particularly for survey calculations. In such a case the Williams formula needs to be extended to include the flux information at the end of a cycle.
In order to derive a formula for the sensitivity coefficients of bilinearly weighted neutronic properties, such as the variation of control rod worths and Na void worths during burnup, it is necessary to include the adjoint flux in the formulation of burnup sensitivity coefficients.
Therefore we extended(14)(15) the Williams formula so that the flux information at the end of the burnup period can be considered and the bilinealy weighted neutronic properties can be treated, and made the SAGEP-BURN code (14) to calculate burnup sensitivity coefficient based on differential approach.
Burnup sensitivity coefficients were calculated for a typical 1,000 MWe FBR (15) . The Summary Report (T. Takeda, T. Kamei) calculated coefficients were compared with those by direct burnup calculations to check the applicability of the derived formula. Table 1 , for example, shows the component-wise sensitivity coefficients of keff to the 238U capture cross section (14) .
The direct term of the sensitivities of keff at the end of cycle (EOC) is very close to the sensitivities at the beginning of cycle (BOC). This is because the direct term corresponds to the sensitivity in the case where the cross section is altered only at EOC. Next, let us consider the number density term. The increase in the 238U capture cross section leads to the increase of the production of 239Pu ; a 1 % increase in the 238U capture cross section leads to a 0.2% increase in the 239Pu number density at EOC . Sensitivities of keff at BOC (sensitivities without the number density effect and the flux effect) to the 239Pu fission cross section and the 239Pu capture cross section are +0.444 and -0.055, respectively, then the corresponding increase of 239Pu production due to a 1% increase in the 238U capture cross section leads to a 0.08% increase in keff at EOC. This increase corresponds mainly to the number density term in Table 1 .
III. EVALUATION METHOD OF PREDICTION UNCERTAINTY
Let us first compare formulas of prediction uncertainties of core neutronic properties for the bias factor method, the cross section adjustment method and the combined method(6).
Bias Factor Method
In the bias factor method, core neutronic property Rc(2) calculated for a target LMFBR (the superscript (2) denotes a target system) is corrected by using the E/C ratio [Re(m)/Rc(m)] of a mock-up critical denoted by superscript m(1)(6)
where Rc*(2) is the corrected value. The calculated values Rc(m) and Rc(2) have errors caused by uncertainties in the cross sections and the calculation methods utilized. Let us denote the deviation of the utilized cross section T from a true one by DT, and the sensitivity coefficient of Rc(i) with respect to a cross section change by G(i) (i=m, 2). Then the change of Re(i) due to the cross section change D T becomes G(i)DT. We express the error of Rc(i) due to the calculation method error by DM(i).
If we neglect the correlation between the cross section and method errors, Rc(i ) is written as
where Rco(i) is the true value of the core neutronic property.
The sensitivity coefficient G(i) varies be-tween the mock-up system (i=m) and the target system (i=2) because of the difference in the core size and the composition .
The experimental data for the mock-up system also have errors
Introducing Eqs. (2), (3) to Eq. (1) and making an assumption that the method error , the cross section error and the experimental error are independent each other the covariance of Rc (2) is given by(6)
If there is no correlation among the method error, cross section error and experimental error, the variance of the predicted neutronic properties (Eq. (7)) is given by (8) where
vm (12) is the cross correlation between the method errors for the mock-up and target cores.
3. Combined Method (4) In this method, bias factors of neutronic properties of a mock-up critical assembly are calculated with the adjusted cross sections. The neutronic properties of a target LMFBR are predicted by multiplying the results calculated with the adjusted cross section by the bias factors(6) : (9) The covariance of RC*(2) is given by 2. Cross Section Adjustment Method The procedure originally derived by Mitani & Kuroi(3) was extended so as to include the method error.
Using the Bayes theory, we maximize the probability that the cross section takes the true value when the measured integral data Re(1) of benchmark cores (i=1) are given. Following Ref. (6) , the adjusted cross section is given by (5) The covariance of this adjusted cross section is given by 4 . Method Comparison (10) In the following let us compare the prediction accuracy for the above three methods. For the comparison we consider the simple case where a mock-up core denoted by "m" is identical to a critical assembly denoted by "1".
In this case, Eq. (8) reduces to (6) The core neutronic property of a target LMFBR (i=2) predicted with the adjusted cross section is given by (11) While, Eq. (10) reduces to (12) The first, third, forth and fifth terms of Eqs. (11) and (12) are identical.
Therefore it follows that Generally the cross section error contribution is larger than the method error contribution.
Therefore we can conclude the cross section adjustment method and the combined method is superior to the bias factor method from the theoretical point of view. The superiority of the cross section adjustment method and the combined method is dependent on the correlation of method errors for the mock-up core and the target core.
For the burnup properties we can not obtain experimental data from the critical experiments.
In this case therefore we can not apply either the bias factor method or the combined method. The condition of Eq. (15) means that there is strong correlation between method errors for the critical assembly and the target core. In this case the method errors for the both systems cancel each other for the combined method, and the covariance for the combined method is smaller than that for the adjustment method. Thus the combined method is superior to the adjustment method.
IV. NUMERICAL RESULTS

OF STATIC NEUTRONIC
Next, let us consider a case where the cross section error has much large contribution than the calculational error.
In this case we obtain (16) (17) (18) Thus, the covariances for the adjustment method and the combined method are the same, and much smaller than that for the bias factor method because W' is usually much smaller than W.
PROPERTIES
Let us review the numerical results of prediction accuracy (16)(17).
First, the 16-group cross sections processed from the JENDL-2 library were adjusted using 29 integral data of the ZPPR-9, 10A, 10D and FCA-12-1 which are listed in Table 2 together with the ratio of calculation to experiment (C/E) before and after the cross section adjustment.
The keff's for Pu fueled cores ZPPR-9, 10A and 10D are increased by ~0.3%Dk/k and that for U fueled core FCA-12-1 is decreased by ~0.5% D k/k by the adjustment.
The 2381_1(n, r) to 239Pu(n , f) ratio denoted by 28C/49F is overestimated by about 6~9% by JENDL-2 (before the adjustment). This overestimation is remarkably reduced after the adjustment.
Before the adjustment, the control rod worth of ZPPR-10A is underestimated by about 5% at the core center, and is accurately predicted at the core edge. This spatial discrepancy of C/E values is remarkably improved by the adjustment.
For the 239Pu fission rate distribution and the Na void worth remarkable improvement of C/E values is also seen as in Table 2 . The cross sections were adjusted based on Eq. (5).
In obtaining Rc(1)(T0), detailed calculations were done by taking account of the cell heterogeneity, and core transport effect. In the application of the bias factor method and the combined method, we selected the fast critical assembly ZPPR-10A as the mockup core. The bias factors of keff, control rod worth at the core center and core edge, reaction rate ratios 235U(n, f)/239Pu(n, f), 238U(n ,g)/239Pu(n, f) and 238U(n,f)/239Pu(n, f), and the 239Pu fission rate distribution were calculated using the original and the adjusted cross sections.
The three methods were applied to calculate the neutronic performance parameters of a 1,000 MWe homogeneous fast reactor. The calculations were done in the framework of diffusion theory. The key core specifications are listed in Table 3 . Table 4 lists nominal values and relative uncertainties of keff, control rod worth (center, edge), reaction rate ratios and 239Pu fission rate distribution calculated by three methods. The results of calculations by the non-adjusted cross section without use of any integral data Summary Report (T. Takeda, T. Kamei) Table 3 Key core parameters of typical 1,000 MWe LMFBR are used as normalizations. The adjustment, the bias factor and the combined methods produce keff values of 0.4%, 0.3 and 0.4%, respectively, larger than the non-adjusted result. The 1s uncertainty of keff is large for the non-adjusted result (2.8%). The adjustment method and the combined method reduce this uncertainty to 0.7 %. That of the bias factor method is 1.0% which is 0.3% larger than that of the adjustment and the combined methods.
The uncertainty for the bias factor method is mainly from D GWDGt (~1.0%) of Eq. (4), and the component DGWDGt is larger than that (0.7%) for the adjustment method and for the combined method. The control rod worth predicted by three methods largely differs from the non-adjusted result. The core center rod worth calculated by the adjustment method, bias factor method and the combined method is larger than the non-adjusted result by about 5%, respectively ; while the rod worth at the inner core edge is different from the non-adjusted result only by 0.8, 0.2 and 0.6%, respectively. The use of non-adjusted cross section underestimates the rod worth at the core center of the mock-up ZPPR-10A by 5% and predicts it at the core edge in good accuracy as shown in Table 2 . Using the adjusted cross section the misprediction of the non-adjusted result was remarkably reduced.
The 1s uncertainties of the control rod worth are about 6, 5, 3 and 4% for the nonadjusted calculation, the bias factor method, the adjustment method and the combined method, respectively.
The large uncertainty for the bias factor method is caused from the large contribution of the component DGWDGt compared with other methods. When we calculate the rod worth in unit of dollar, the uncertainty of the combined method and bias factor method is remarkably reduced as shown in Table 4 . This is because the experimental information for rod worths is obtained in $ units, and thus, the beff uncertainty is canceled out in the prediction in $ units.
For the reaction rate ratio the uncertainty is as large as 6.0~14.0 % in the non-adjusted calculation.
The bias factor method, the adjustment method and the combined method reduce this large uncertainty to about 1 %. For 238U(n, f)/239Pu(n, f) the uncertainty of about 3% reduces remarkably in the adjustment and combined methods.
The 239Pu fission rate uncertainty at the middle of the outer core is reduced from 1.9% for the non-adjusted calculation to about 1.5% for the three methods.
Thus the uncertainty is remarkably reduced by the three methods. The combined method becomes effective when predicting control rod worth in dollar units.
V. NUMERICAL RESULT OF BURNUP PROPERTIES
In this chapter we review the results of uncertainty prediction of the burnup properties(16)(18) based on the adjustment method.
As a target reactor, we chose the equilibrium cycle core of 1,000 MWe LMFBR shown in Table 3 . Table 5 lists the values of burnup reactivity loss and breeding ratio and their uncertainties for the cases where any integral data is not used (before adjustment), and where integral data is used (after adjustment). The original JENDL-2 group cross section produced the burnup reactivity loss of 3.0%Dk/k per cycle, the 1s uncertainty of this result is 18%. The cross section adjustment increased the burnup reactivity loss by 22%, and decreased the breeding ratio by about 3%.
The large increase of the burnup reactivity loss and the decrease of the breeding ratio is caused mainly by the cross section changes of the 238U capture and the 239Pu capture, as seen in Table 6 . The uncertainties of the burnup reactivity loss and the breeding ratio are reduced to 12 and 1.5% by the adjustment.
The element-wise contribution of the uncertainty of the burnup reactivity loss is shown in Table 7 before and after the adjustment.
The 238U capture contribution is remarkably reduced by the adjustment. Table 5 Burnup reactivity loss and breeding ratio before and after adjustment Therefore the 1s uncertainty of the statistical sum was reduced from 2.8% to 0.8%Dk/k by the adjustment.
Taking into account this uncertainty the required reactivity to compensate the burnup reactivity loss is 3.0+2.8 =5 .8%Dk/k before the adjustment, and 3.6 +0.8-0.4=4.0 %Dk/k after the adjustment. Thus the required reactivity is reduced by 1.8%Dk/k.
Since a 1 % increase in Pu enrichment yields a 0.25 %Dk/k increase in keff at the end of the equilibrium cycle, the Pu enrichment required in the design is reduced by 7.2% by the adjustment.
Thus remarkable reduction for Pu enrichment requirement is achieved by the cross section adjustment.
VI. CONCLUDING REMARKS
The prediction uncertainties of key neutronic properties were evaluated by three methods ; the bias factor method, the cross section adjustment method and the combined method.
Each method was reviewed from the theoretical and numerical view points. Sensitivity coefficients required in each method were calculated based on the generalized perturbation theory, and the physical meaning of burnup sensitivity coefficients was discussed.
From the theoretical point the combined method is superior to the adjustment method when there is strong correlation between method errors for the mock-up core and the target core. When the cross section error has much larger contribution to the uncertainty of neutronic properties than the calculational error, the accuracy for the combined method coincides with that for the cross section adjustment method and the two methods yields much smaller uncertainty than the bias factor method.
The combined method produced smaller uncertainty for control rod worth when calculated in dollar units compared with the adjustment method.
As a future study, it is required to include fuel shuffling and refueling procedure.
Furthermore, in order to treat the control rod movement more precisely, a three-dimensional burnup sensitivity analysis is required.
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